Abstract -This paper proposes a method of bone structure analysis that could be used to determine if a person has osteoporosis by analysing the cortical bone on medical images. Osteoporosis is a bone disease that leads to an increased risk of fracture. This method automatically extracts the cortical bone form medical images and measures its thickness. The proposed method was tested on medical images of healthy people and people with osteoporosis, to see if it could extract the cortical bone from both patient groups and to analyse the cortical bone thickness measurements.
I. INTRODUCTION
Bone structure analysis is needed to determine bone strength and assess the damage to the bone micro-architecture that appears due to such bone disease as osteoporosis (see Fig. 1 ). Bone structure analysis on a living person (in vivo) is easier and more effective to perform by using medical images. Medical images acquired by computed tomography are divided into slices. Traditionally, the medical image analysis is performed by a radiologist, who visually looks through all the two-dimensional images. Such an analysis is subjective and takes a considerable amount of time. To speed up the analysis and acquire reproducible measurements, it is necessary to use automatic medical image processing methods.
At present, osteoporosis is mostly diagnosed by measuring the bone mineral density (BMD), which is usually obtained using dual-energy x-ray absorptiometry (DXA) [1] . DXA is a two-dimensional, projection-based radiographic technique that measures integral BMD of both cortical and trabecular bone. BMD only explains about 70 % to 75 % of the variance in bone strength [2] , while the remaining variance is due to the cumulative and synergistic effect of other factors such as bone architecture, tissue composition and micro damage [3] - [5] . One of the important factors that contributes to bone fragility is the thinning of the cortical bone and increased cortical bone porosity [6] .
Medical image analysis is a very topical issue; recently many new methods have been developed for various medical objects and tasks [7] - [9] , as well as methods that are intended specifically for a bone structure analysis and osteoporosis [10] - [12] . Most existing medical image processing algorithms are manual or semi-automatic algorithms. Such algorithms often require a physician to intervene in the medical image segmentation process, to set or edit the segmentation parameters, or manually outline the segments. Such operations require technical knowledge that the physician might not have, and they also require extra time, which is not desirable if the physician has to see many patients.
Another disadvantage of the existing medical image segmentation methods is that they use images that were acquired using high resolution medical imaging devices [13] , [14] that are not available in ordinary hospitals and diagnostic centres. The methods proposed in this paper were developed using the images that were acquired using computed tomography, because medical images acquired by means of this method are widely used in clinical practice when diagnosing patients.
The proposed method was described in detail in previous publications [15] , [16] ; it was also tested on medical images of people with osteoporosis to see whether it could be used to evaluate the changes in bone structure [17] . In this paper, the proposed method was tested on medical images of two patient groups -healthy people and people with osteoporosis. The main goal was to find out whether the proposed method could be used to determine whether the patient has osteoporosis by analysing the cortical bone thickness measurements.
II. THE PROPOSED METHOD
One of the main objectives was to develop a fully automatic algorithm that would not require input from the user. This is necessary in order to ease and speed up the job of the doctor, who will be working with the medical images. However, the user still has the option to change the main parameters of the algorithm in order to increase the precision of the segmentation algorithm for a specific patient. 
A. Bone Structure Extraction
Bone structure extraction consists of five steps: 1. A medical image (see Fig. 2a ) is divided into segments, which could contain the cortical bone. 2. Segments created in the previous step are combined into clusters (see Fig. 2b ). 3. Clusters are classified to find those clusters that contain the cortical bone and discard all other clusters. 4. A contour is created inside the cortical bone that adapts to the inner edges of the cortical bone (see Fig. 2c ). 5. Trabecular bone is extracted from the inside of the previously created contour (see Fig. 2d ). The first three steps apply to the extraction of the cortical bone and the last two steps apply to the extraction of the trabecular bone.
B. Cortical Bone Thickness Measurement
The average thickness of the cortical bone is measured using the inner and outer contour of the cortical bone. The inner contour is created automatically during the bone structure extraction. The outer contour is created as a copy of the inner contour (see Fig. 3a ), which then expands and shrinks until it perfectly describes the outer edge of the cortical bone (see Fig. 3b ).
The average thickness of the cortical bone is measured as an average distance between the control points of the inner and outer contours (see Fig. 3c ). In case of medical images of the vertebra, it is only necessary to measure the upper part of the cortical bone, where the control point's vector y value is positive. That is done because the bottom part of the vertebral cortical bone contains growth (spinous and transverse process) that does not affect the average thickness of the cortical bone.
The average thickness (Timg) of the cortical bone on one medical image is calculated using the following formula:
where Tavg -the average thickness of the cortical bone on one image, pixels; di -the distance between a control point on the inner and outer contour, pixels; n -the amount of control points in the inner contour.
C. Experiment
A developed bone structure extraction algorithm was used to extract the cortical and trabecular bone from the medical images. The algorithm was tested on sets of medical images from two patient groups. The first group consisted of eight healthy patients aged 18 to 26 years, and the second group consisted of six patients with osteoporosis aged 55 to 86 years.
Before the extraction of the bone structure can begin, it is necessary to choose the value of the cortical bone density threshold. This threshold is used in the first step of the bone extraction algorithm to find the pixels that might contain the cortical bone on the medical image. The cortical bone threshold value is the only parameter that is set by the user. However, that is not always necessary, since it is usually assumed that the cortical bone density of healthy people is greater than 300 Hu. For people suffering from osteoporosis, cortical bone density is considerably lower. Therefore, in order to compare both patient groups, it is necessary to select the cortical bone threshold value that would suit both groups. To select the appropriate threshold value, the developed bone extraction algorithm was applied to several medical images from both patient groups, using different threshold values. An example of the extracted bone structures can be seen in Fig. 4 , where the top row contains the medical images of the healthy patients, and the bottom row contains the medical images of patients with osteoporosis.
Several threshold values were considered: from 250 Hu up to 350 Hu. For healthy patients, the threshold of 250 Hu was too small, because using this threshold value the cortical bone was not accurately extracted. Several objects, inside the cortical bone, were incorrectly assigned to the cortical bone. These objects are highlighted with a yellow circle in Fig. 4b . The best result for healthy patients was achieved using the threshold value of 350 Hu. For patients with osteoporosis, the threshold value of 350 Hu is too high, because the extracted cortical bone had large holes, the upper part of the cortical bone almost completely disappeared, which is highlighted in figure 4h . The best result for patients with osteoporosis was achieved using the threshold value of 250 Hu. However, as previously stated, such a threshold does not work with healthy patients. The only threshold value that was capable of extracting the cortical bone for both patient groups was 300 Hu.
The average thickness of the cortical bone was measured in all patients in order to verify that the proposed algorithm could be used to distinguish the healthy patients from patients with osteoporosis, based on their measurements. The average cortical bone thickness (Tavg) was calculated for each patient from all the measurements from their L4 vertebra images.
where Tavg -average cortical bone thickness, pixels; Ti -cortical bone thickness measurement on one medical image, pixels; n -the amount of images that contain the L4 vertebra. Table I shows the cortical bone average thickness and trabecular bone average density measurements of eight healthy patients. The developed bone structure extraction and analysis algorithms successfully managed to extract the bone structure and measure the cortical bone thickness trabecular bone density from the medical images of almost all eight healthy patients. The only exception, where the developed algorithms failed, was the medical images of the 7th patient. This patient had a very high bone density and the chosen cortical bone density threshold was too small, because of that the developed algorithm incorrectly extracted some regions of the bone that could not belong to the cortical bone (see Fig. 5 ). The tissue density in this region was higher that the chosen cortical bone threshold value. It was decided to exclude the measurements of the 7th patient from the average measurements of all patients. Otherwise, to correctly extract the bone structure of the 7th patient it would be necessary to increase the cortical bone threshold value, but then it would be difficult to extract the bone structure from patients with osteoporosis, whose bone density was low. Table II shows the cortical bone average thickness and trabecular bone average density measurements of six patients with osteoporosis. The measurement results of all patients were roughly similar, with only one exception. The cortical bone average thickness of the 1st patient was significantly greater than that of other patients, because this patient had a tumour on the cortical bone (Fig. 6) . Based on the results of the experiment, it can be concluded that the developed bone structure extraction algorithm is able to successfully extract the cortical and trabecular bone from both the healthy patients and patients with osteoporosis. By comparing Tables I and II , it can be seen that the cortical bone average thickness measurements in healthy patients are significantly higher (almost 4 times higher) than that in patients with osteoporosis. However, the trabecular bone average density measurements are approximately the same for both patient groups. Based on the results of the experiment, it can be concluded that it is possible to distinguish the healthy patients from patients with osteoporosis on the basis of their cortical bone thickness measurements that are provided by the developed bone structure analysis algorithms.
III. CONCLUSION
The main objective was to develop methods, which could be used for a bone structure analysis, and to automatically evaluate changes in bone structure after a time period. The developed methods are capable of extracting the cortical and trabecular bones from medical images. The extraction process is fully automatic; however, the operator has the option of editing the main parameters, to increase the precision of the extraction algorithm.
New methods of evaluating the changes in bone structure have been developed. The developed methods can measure the cortical bone average thickness and the trabecular bone average density. The changes in bone structure can be evaluated by comparing the measurements that were performed on medical images taken at various time intervals. The developed bone structure analysis methods would be useful when treating patients with osteoporosis, where by analysing the changes in bone structure it would be possible to evaluate the effectiveness of the treatment plan.
